This paper examines potential climate change impacts in North American timber markets.
INTRODUCTION
It is widely recognized that climate change will have substantial impacts upon forested ecosystems during this century (McCarthy et al., 2001) . In addition to many existing stresses, such as deforestation, pest infestations, forest fires, and invasive species, climate change is expected to increase stresses upon forested ecosystems. These stresses include potential changes in the distribution of species (i.e., Iverson and Prasad, 2001) , positive or negative changes in the productivity of individual species and entire ecosystems (Shugart et al., 2003) , potential increases in storm damage or forest fires due to changes in climate and weather patterns (Dale et al., 2001) .
The ecological impacts of climate change could have substantial impacts on North
American timber markets. The largest temperature changes this century are anticipated to occur in higher latitude regions (McCarthy et al., 2001) . A large proportion of forest biomass stock resides in northern Canada, and changes in these stocks could have consequences in markets. Furthermore, some climate change scenarios suggest that productivity in the U.S. South could decline, at least for a time (VEMAP Members, 1995; Joyce et al., 2001) . The U.S. south currently produces a large proportion of total timber in the U.S., so any reduction could have large implications for prices.
Forestry is an important component of the North American natural resource base. In regions like the Southern United States, or British Columbia, forestry contributes heavily to the local industrial base. Forest products are also an important export product for Canada in particular. Currently, the value of forest products exports from Canada are around $40 Billion, or 9% of total exports for the country (Statistics Canada, 2005) .
Canada supplies approximately 30% of the U.S. lumber market (Haynes, 2003) . Any changes in the productivity of forests could have long term consequences for the forest products industry in both countries. This paper explores the potential economic impacts of climate change upon the forest products industry of Canada and the U.S. We begin with a review of the literature exploring the range of studies that have been conducted to analyze potential impacts. We then present and discuss the results of several analyses of potential climate change impacts estimated for the United States, where most research has been conducted on economic impacts, in more detail. Finally, we examine the results of the global analysis in more closely, presenting specific results for North America. The final section of the paper presents our conclusions.
WHAT ECOLOGICAL IMPACTS ARE IMPORTANT FOR MEASURING THE MARKET IMPACTS?
In order to assess the potential market impacts of climate change in forestry, several important ecological effects must be considered. The ecological effects generally fall into two categories: stock effects and flow effects. Stock effects are those that influence existing timber stands. These include dieback effects that result from storm damage, forest fires, pest infestations, and other disturbances not caused by harvesting trees.
Forests have always been susceptible to natural disturbance patterns, and current forest conditions are a result of past disturbances. To the extent that climate change influences the spatial pattern, the pace, or the intensity of future disturbance patterns, the existing stock of forests could be directly susceptible to climate change.
Flow effects are different. For the purposes of this paper, we consider flow effects to be the influence of climate change on the annual growth of trees. Changes in precipitation and temperature, or enhanced CO 2 in the atmosphere are all factors that can affect the annual growth of trees.
It is often difficult to distinguish between stock and flow effects, particularly when moving from smaller spatial scales to more aggregated scales. At the level of a stand, individual tree mortality is a stock effect. At the level of a region, mortality among individual trees can be measured as a reduction in net growth, and therefore individual tree mortality can be viewed as a flow effect. Larger events such as catastrophic forest fires, large scale bug infestations, mortality from winter ice storms, etc., however, could be viewed as stock effects. To the extent that these stock effects are large enough to have market implications (i.e. by spurring salvage logging and reducing prices for a time) it is important to account for them as stock effects rather than as flow effects when measuring economic impacts.
From the ecological literature, there is widespread acknowledgement that both stock and flow effects can be important. The recent Canadian National Assessment (Lemmen and Warren, 2004) and U.S. National Assessment (Joyce et al., 2001) of climate change impacts refer widely to the importance of both effects. The Canadian National Assessment, for instance, suggests that growth in forests in northern Ontario and the western part of the country could increase, while growth in the Great Lakes and St.
Lawrence areas could decrease. The U.S. National Assessment by contrast, suggests that forest growth in most regions is likely to increase in the future.
Both the Canadian National Assessment and the U.S. National Assessment report that there could be large increases in most disturbance regimes, including forest fires, insect infestations, and storm damage. Neither of the reports are specific about the actual sizes of changes that might occur in disturbance patterns, or their impacts upon forests, but the U.S. National Assessment report does provide telling detail on projections of potential changes in forest fire regimes. That report suggests that fire severity in the U.S. could increase up to 10% during climate change and that the area burned could increase 25 -50%. As noted by Dale et al. (2001) , the new disturbance regimes introduced by climate change could have substantial and sustained impacts upon forest regimes in the U.S.
When economic models are developed, they often utilize data on tree yields for different age classes to estimate empirical yield functions. These are net yield functions that account for historical disturbances within the forests, and historical climate trends.
They are the baseline yield functions. Accounting for climate change requires adjusting these functions to incorporate the impact of climate change on forest growth (flow effects), and/or exogenously perturbing the stock of forests to capture potential effects on the forest stock (stock effects).
Within the literature, two basic approaches have been used to model climate change impacts. First, a number of studies have assumed only flow effects (i.e., Joyce et al., 1995; Perez-Garcia et al., 1997; Irland et al, 2001) . These studies link projected changes in yields of forest types from ecological models directly to the net yield functions used in the economic model. These models do not assume stock effects are occurring, or at least they assume that the stock effects occur over a small enough area that they have little impact on near term market outcomes. The ecological models may allow for individual tree mortality when calculating changes in annual tree growth, but this individual tree mortality is assumed to be small enough that it does not have market level effects.
Second, some studies have assumed both flow and stock effects (i.e., Mendelsohn, 1998, 2001; . These studies link projected changes in yields of forest types directly to net yield functions used in the economic model. They also account for potentially large stock effects that influence forest stands available for harvest in early periods of the model simulation. Since some trees can be marketed even after they have "died" in these scenarios, the modelers usually assume some proportion of the value of the forest is salvaged when dieback occurs.
One of the most important questions remaining in climate change analysis of impacts upon forests is the question of carbon fertilization. Current evidence indicates that additional CO 2 in the atmosphere will improve water use efficiency, but it is unclear whether this will increase overall net ecosystem productivity (Shugart et al. 2003) . Some trees could grow more quickly, some more slowly, and others could experience additional mortality. Modeling studies that allow for carbon fertilization through increased water use efficiency tend to show substantial improvements in net primary productivity and overall forest area relative to studies with the same climate change conditions, but without the carbon fertilization effects (i.e. VEMAP Members, 1995) . For the most part, the economic studies conducted to date have assumed carbon fertilization occurs and they have used the modeled predictions of carbon fertilization either on net primary productivity or total carbon to assess potential flow, or yield, effects.
Before considering the economic impacts of climate change on markets, it is important to note that while climate change is a global phenomena that clearly requires global action to slow down or prevent, all impacts are local. Estimating economic impacts in forestry requires having information on the regional ecological impacts, at a minimum. Currently, estimates of regional climate change are much more variable across climate models than even the highly variable aggregate estimates of climate sensitivity. Without more refined estimates of climate change impacts at the regional level, it will remain difficult to precisely pin down economic impacts for producers in specific regions. Future research will clearly refine existing results as newer models do a better job of accounting for regional impacts.
REVIEW OF MARKET IMPACT STUDIES IN NORTH AMERICA
A number of studies have been conducted estimating the market impacts of climate change in the U.S. Few economic estimates for Canada have been produced, although the global models examined in the next section do present results for Canada. For the U.S., economic studies indicate that market welfare is likely to increase (Joyce et al., 1995; Sohngen and Mendelsohn, 1998; Irland et al., 2001; Shugart et al., 2003) .
Consumers gain the most in the scenarios because forest growth is generally expected to increase over the next century, resulting in more timber being available for markets.
Producers, however, lose welfare (measured as producer surplus) in most cases because prices decline. While most studies project increased productivity (and hence, yield , in forests), these productivity gains are not strong enough to offset the lower prices.
Within the U.S., the most vulnerable region economically appears to be the Southern U.S. For example, the U.S. study conducted by suggests that temperature changes of 1.5º -5º C for the U.S. could increase economic surplus (consumers' plus producers' surplus) by 13% -25% for the U.S. as a whole, but that economic surplus in the Southern and Pacific Northwestern U.S. could decline 1% -20%. Producers in particular could be harmed as producer surplus in these two regions declines by as much as 11% -43%. This has important market implications since these two regions currently produce the largest share of total timber products in the U.S. By contrast, producer surplus in Northern regions like the Great Lakes and Northeast could increase 16% -54%.
Results from Irland et al. (2001) suggest smaller overall economic impacts for the U.S.-0.05% to 0.18% changes in total economic surplus over the coming century-than the results in . Both studies find that production could decline during the century in the Southern U.S., and increase in the Northern U.S. One reason that the impacts in the Irland et al. (2001) study are smaller than those in Sohngen and Mendelsohn (2001) is that Irland et al. (2001) assume no changes in species distribution. allow landowners to adjust species from one type to another when climate changes. Allowing for species changes can boost the total annual production of industrial wood because Southern species tend to have shorter rotation periods. Thus, overall productivity in Northern regions expands in Sohngen and Mendelsohn (2001) not only because productivity has risen, but also because species types change to those that current thrive in the South, allowing for a shorter rotation period.
It may also be important to account for potentially large increases in disturbances.
The studies by Sohngen and Mendelsohn (1998; account for the possibility that large scale dieback effects could occur. The scenarios they examined explore the economic implications of modeling dieback in up to an additional 24% of current forest area. They did not specifically address a particular type of dieback, although all dieback is assumed to kill all trees on sites where it occurs. The largest dieback effects are projected to occur in Northern ecosystems, with up to 45% of existing northern forests undergoing dieback. They implemented the dieback over a 70 year period, and assumed that 75% of the value of the forests could be salvaged. Under these assumptions, their dieback scenarios assume an additional 700,000 hectares of land undergo dieback each year on average. If forest fires are the primary vector for dieback, this results in at least a 41% increase in total area burned each year (assuming 1.7 million hectares are burned in the US each year on average in the baseline).
The results of comparing dieback to other, less intrusive climate change scenarios, have two major implications. First, if dieback occurs and salvage can be accomplished, the dieback can be large enough influence prices in the near term. The loss of stock tends to suppress producer surplus in regions where dieback is largest. Second, to avoid future losses from additional dieback, producers need to adjust the species they plant for the new climate conditions. If producers can regenerate "optimally" for the new and changing climate, they can avoid future damages and avoid additional negative impacts.
If, however, they make mistakes in the types of species they plant by planting timber types that are susceptible to additional dieback effects, producer losses will increase (see Sohngen and Mendelsohn, 1998) .
One major limitation of all the studies discussed in this section is that they ignore global implications of climate change. That is, they are all U.S. only models. If climate change has relatively larger ecological impacts in other regions of the world, the resulting price changes could cause market impacts in North America. These effects are potentially compounded by emergence of competing timber economies in regions like South America, which have competed successfully with North American producers for market share in recent years. We turn to exploring the implications of international modeling in the next section. The ecological model used in Perez-Garcia et al. (1997) suggests that climate change will generally enhance the supply of timber globally due to rising productivity. The model considers only productivity changes and not potential dieback effects. Under the climate and productivity scenarios they examined, nearly all regions experience increased productivity in softwoods and hardwoods, although productivity in some Southeast Asian hardwoods is expected to decline in the scenarios.
NORTH AMERICAN IMPACTS DERIVED FROM A GLOBAL MODEL
The economic results in Perez-Garcia et al. (1997) indicate increasing production in softwood and hardwood products for both the U.S. and Canada. Canada in particular, is projected to obtain substantial increases in softwood production on the order of 20 -30% over the next 50 years. They estimate that economic welfare increases in both countries as well, although producers lose while consumers gain. The benefits are larger, however, for the U.S.
The study by examines both stock and flow effects by combining the ecological implications of the BIOME3 model (Haxeltine and Prentice, 1996) for two climate scenarios with a dynamic optimization model of global timber markets. Two climate scenarios used in this analysis are the Hamburg T-106 model (Claussen, 1996) and the UIUC model (Schlesinger et al., 1997) . Both models project equilibrium climate for a baseline and a scenario with doubled CO 2 conditions. The where CEG i is the effect of climate change on the annual growth in the year 2060 and beyond. For the purposes of this study, the transition period from the current climate to the future climate with stabilized concentrations of CO 2 was assumed to take 60 years.
As an example, average forest growth in North America is projected to increase by 17-18% under the climate scenarios used in . Thus, if forest growth is Second, the total area of land that potentially dies back by 2060 in each region is shown. Dieback is introduced in one scenario, denoted "dieback". The estimate of the area of land that potentially dies back is based upon the initial area of land in each timber type. To implement the dieback scenario, a fixed proportion of forest stock is assumed to be lost each year (equal losses in each age class). In the scenarios examined, the forest area in North America projected to dieback by 2060 ranges from 28 -29%. Thus, in 2001, 0.48% of the stock was assumed to dieback. 2 1 Note that this example is presented for the average change for North America. Individual timber types in North America were considered in the model, and each timber type had an individual specific change in growth that differed from the average effect for the continent. 2 As in footnote 1, this estimate is an average for North America. Individual timber types had individual estimates of dieback that differed from this average.
In addition to the dieback scenarios a less intrusive scenario called "regeneration" is also developed. The regeneration scenario allows landowners to choose to adapt by altering the types of species planted. If landowners made the correct assumptions about which species would grow appropriately in the future, the new species planted would be better suited to the new climate they experienced. Landowners would consequently experience no dieback in existing stocks, and therefore no "stock" effects. Both the regeneration and the dieback scenarios are implemented for both climate scenarios, generating four scenarios of potential change -two scenarios with stock effects (dieback) and two scenarios without stock effects (regeneration).
Third, the relative size of the area of forests after climate change is shown. Climate change can cause forest area to expand or contract. Our estimate has been corrected from the original ecological data from BIOME3 such that areas currently in agriculture are prevented from converting to forest. For this analysis, we "mask" out current agricultural areas so that forestland cannot expand onto productive agricultural lands. Thus, all of expansion occurs in regions that are not very productive now (tundra, rangelands, etc.).
Across the two climate scenarios, North American forests undergo more dieback in general than forests in other regions of the world: 28% -29% compared to 6% -14% for non-North American regions. The yields of forests also increase less than in other regions (17% versus 32% -42%), and the net expansion in forests is only 3% -4% versus 19% -28% in the rest of the world. While North America appears to gain productivity and forest area, it gains less than the rest of the world. It also possibly could experience more dieback in general if natural disturbance processes increase.
To put some of the estimates into context, under the two dieback scenarios, 28 -29% of the current forest area in North America is projected to undergo some sort of large scale dieback event over the next 60 years. We implement this over the 60 years such The global effects of climate change on timber production for several additional timber producing regions of the world are shown in figures 2a and 2b. These regions account for around 90% of global timber production and consumption. As with the results for North America alone, the global results for both dieback and regeneration show that long-term gains in timber production are expected, but dieback can reduce these gains initially. In these scenarios, North America and Russia are the most susceptible regions between 2000 and 2050 because they experience the greatest overall dieback (North America experiences 28 -29% dieback on average, and Russia experiences 12 -21% dieback on average, depending on the climate scenario).
Europe, on the other hand, benefits from the dieback scenarios because dieback is not projected to have strong effects there (only 4 -9% of current forests are projected to dieback in the two climate scenarios). Production in Europe rises relative to the baseline in the period 2010 -2030, and offsets the reductions in North America and Russia.
European production subsequently declines to baseline levels during the period 2040 -2070 in the dieback scenario as a result of these strong earlier harvests.
Perhaps more importantly for producers in North America, production in South America and Oceania is projected to expand substantially in the period 2000 -2030 in the dieback scenario. South America shows strong and growing gains in production under dieback throughout the century. Little dieback is projected there, and producers can quickly adjust short rotation species that dominate timber markets as climate changes. As a consequence, these scenarios indicate that producers in emerging industrial forestry regions like South America could potentially benefit substantially during climate change.
When translated into welfare effects, these results imply that producers in North
America could lose between $1.4 and $2.1 billion per year over the next century (Table   2 ). Producers lose welfare under the regeneration scenario because prices decline, but the losses are smaller because existing mature stocks are not lost each year. Losses from dieback in 28% of existing forest areas over the next 60 years, however, could have substantial market impacts, decreasing producer welfare by 30% relative to a scenario with the same general ecological effects, but without dieback effects. Despite the losses to producers in the dieback scenarios, consumer welfare is positive because prices fall.
These falling prices result from increases in timber production that occurs in other regions of the world that gain relative to the North America.
Developing countries uniformly fare the best under the climate change scenarios examined in Sohngen et al (2001) . Developing countries tend to be in tropical and subtropical regions, and they tend to focus on shorter rotation species. These short rotation species provide multiple opportunities for more rapid adaptation to the ecological and economic effects of climate change, i.e., rising productivity and lower overall prices.
As a consequence, the share of global timber production from South America is anticipated to increase 8 -13% over the next century under climate change. The most extensive analysis of the potential economic impacts of climate change have been conducted in the U.S. to date. The results of these studies suggest that climate change will generally benefit markets in the U.S. because climate change will increase the productivity of forests and enhance the long-term supply of timber. Most of these benefits, however accrue to consumers. Producers tend to lose welfare when prices decline.
CONCLUSION
The results of analyses conducted in the U.S. also suggest that Northern regions gain at the expense of Southern U.S. Yield changes tend to be larger in Northern areas of the U.S. and some climate scenarios indicate drying in the Southern U.S. The drying leads to near term reductions in forest growth in the South and attendant economic impacts.
Since the U.S. South is currently the most productive forestry region within the North American continent, this suggests that producers in Canada could also gain from potential climate change if productivity and forest yields also increase there.
One limitation of many of the studies conducted in the U.S. to date is that they have mostly ignored the ecological and economic implications of global change. That is, they have excluded price effects caused by climate change that occurs in competing regions of the world. The paper reviews recent studies by Perez Garcia et al. (1997) and who take a more careful look at these global impacts. The results of the study by for North America are specifically compared and contrasted with results from the same study for different regions.
North America appears to be susceptible to climate change both for ecological and economic reasons. On the ecological side, the ecological model used in the analysis by indicates that North America could experience relatively larger dieback effects under that scenario, leading to losses of production relative to the baseline during the period 2000 -2050. For the case of North America, the dieback scenarios imply that the area of forests that burns each year increases from 4.2 million hectares to 5.8 million hectares, or a 38% increase. Regions that experienced less dieback tend to gain producer surplus when dieback occurs elsewhere. The absence of dieback however, does not necessarily benefit producers. Lower prices caused by expanding production have broadly negative effects on producers throughout the temperate, developed regions.
In contrast to the developed countries, developing countries mainly appear to benefit from climate change. Many developing countries are located in climates optimally suited to cultivating fast-growing timber plantations. These regions have been gaining global market share in recent years, and these trends are expected to be strengthened during climate change. For example, South American producers are estimated to gain 8 -13%
market share during climate change, with larger gains if dieback occurs in temperate regions.
The review of the literature conducted in this paper and the analysis developed with the results from suggest several important future research directions. First, the economic results are heavily influenced by regional climate change and ecological estimates. Since climate models are still highly aggregated, and methods for regionalizing the large-scale general circulation models are still rudimentary, it will be important to re-assess the economic results as newer data becomes available. Second, the economic results are sensitive to potential dieback effects. Some authors have chosen to ignore potential dieback, or to model dieback by linking modeled yield changes to net changes in ecosystem productivity (i.e. Joyce et al., 1995; Perez-Garcia et al., 1997; Irland et al., 2001) . Others have accounted for dieback as a direct stock effect (i.e. Mendelsohn, 1998 and . Given the potentially important influence of dieback on the results in these last studies, and given the emphasis in recent literature on potential dieback effects (Lemmen and Watson, 2004 stock effects should be conducted.
Third, the results in Perez-Garcia et al. (1997) and demonstrate the importance of capturing global effects when estimating local economic impacts.
These studies, while informative, are based on equilibrium climate scenarios conducted in the early to mid 1990's. While numerous new transient climate scenarios have been developed since then, and regional ecological models have been developed to produce ecological impact estimates, the stream of published global ecological analyses that could be used with global economic models has all but disappeared. Strong emphasis has been placed on national assessments in recent years, and while researchers have learned a lot from these exercises, they provide limited information for estimating economic impacts.
It will be important in future ecological modeling exercises to develop consistent global analyses of potential climate change impacts for economic modeling purposes. 
